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Commercial production of hybrids in bisexual plant species often depends on male sterility. Cytoplasmic male sterility (CMS) and nuclear male sterility (NMS) have been widely used to economically produce hybrid seeds on a large scale, but they are tedious and time consuming. In contrast, the chemical hybridising agent (CHA) approach is a rapid, flexible, and effective method (Guan 2012) . The availability of safe and selective chemicals capable of inducing male sterility without causing any significant adverse effects on plant growth and development is a prerequisite for this approach.
In rapeseed, several chemicals are used to induce male sterility (Guan et al. 1981 Guan 1995 Guan , 2012 Guan & Stringam 1998; Zhang et al. 1999; Chen et al. 2002; Singh & Chauhan 2003; Yu et al. 2005 Yu et al. , 2009 Yan et al. 2006; Liu et al. 2007; Jing et al. 2008; Yu & He 2014) . To our knowledge, only methyl arsenates, tribenuron-methyl, and amidosulphuron have been used to produce commercial hybrid seeds on a large scale (Guan & Stringam 1998; Yu et al. 2006 Yu et al. , 2009 Yu & He 2014) . However, methyl arsenates are environmentally hazardous. Tribenuron-methyl (Yu et al. 2006 ; Zhang et al. *Yu-Feng Cheng, Jian-Min Cui, and Zhan-Jie Li equally contributed to this work and were co-first authors. doi: 10.17221/233/2014 doi: 10.17221/233/ -CJGPB 2010 and amidosulphuron (Yu et al. 2009 ), developed by DuPont (Wilmington,USA) and Aventis (Paris, France), respectively, do not meet the requirement of breeding practice in China. Currently, several dozen commercial hybrids based on CHA-induced male sterility have been registered according to the Bulletin of the Chinese National Crop Variety Approval Committee (Guan 2012) . Indeed, CHA-induced male sterility is increasingly becoming an important approach for exploiting rapeseed heterosis in China.
Monosulphuron ester sodium (MES) is a new sulfonylurea herbicide designed by Nankai University, China, in 2007 (Kou et al. 2006 (Kou et al. , 2013 and has no environmental or health risks . Now, MES is commercially available (Kou et al. 2013) . In this report, we first tested MES as a rapeseed CHA. The objectives of the study were (1) to find a suitable MES concentration to induce male sterility, (2) to compare the male sterility-inducing ability among different accessions, (3) to test the efficiency of MES by using isolated hybrid seed production trials. Our results suggested MES as an efficient CHA for producing hybrid seeds in B. napus.
MATERIAL AND METHODS
Material. MES was obtained from Professor Zhengming Li, Nankai University, Tianjin, China. MES was prepared as 500 ml of 20 mg/l MES stock solution with 5 ml of dimethylformamide solvent and 3 µl of Tween-80 as an emulsifier. The control contained an equal concentration of dimethylformamide and Tween-80 without MES. Fifty-three rapeseed accessions (B. napus) were used in the experiment, including cvs. Zhongshuang No.9, Zhongshuang No.11, ZS09, SH11, and 49 others (Table 1) . One hundred and twenty pairs of simple sequence repeat (SSR) primers (Piquemal et al. 2005; Bus et al. 2011 ; the Website of Brassica DB, http://ukcrop.net/perl/ace/ search/BrassicaDB) were obtained from the Shanghai Shenggong Company Laboratory.
Design of field experiments. Field experiments were performed on the experimental farm of Northwest A&F University, Yangling (longitude 108°E, latitude 34°15'N), Shaanxi, China, during the crop seasons from autumn of 2008 to 2013. Conventional agronomic practices were followed. In 2008-2009, six treatments on two rapeseed cultivars, Zhongshuang No.9 and Zhongshuang No.11, i.e. 10 ml of 0.00, 0.01, 0.05, 0.10, 0.50, and 1.00 μg/ml of MES per plant, were arranged in completely randomised blocks with three replicates. A group of 100 plants was grown in each plot, which consisted of five 2-m long rows, with a distance of 500 mm between rows and 100 mm between plants. When the plants of these two accessions were at the bolting stage with the longest floral bud < 2 mm, i.e. the uninucleate stage of pollen development (Guan 1995) , foliar spraying with one of the MES dosages using a hand sprayer was applied to each plot.
A split plot factorial experiment with three replicates was performed to test the effect of MES on the 49 accessions (Table 1) Observation of agronomic traits and estimation of pollen viability. Flowering time and the percentages of male sterile plants were recorded in each plot. Three or four inflorescences of 10 randomly sampled plants from each plot were bagged and manually selfpollinated to estimate the maximum selfed seed set of the female parents. At maturity, ten plants were also sampled randomly from the remaining open plants, and data on seed setting rate, plant height, siliques per plant, seed number per silique, and seed number per plant were collected. The seed setting rate of 10 sampled plants (selfed and open pollinated) was calculated using the formula: seed-set rate (%) = (number of seeds per treated plant/number of seeds per control plant) × 100. Seed number per plant was calculated using the formula: seed number per plant = siliques per plant × seed number per silique.
Pollen viability was estimated by acetocarmine staining (Yu et al. 2009) .
Isolated seed production trial. An isolated seed production trial was carried out in 2011-2012. The plants of the female parent ZS09 and the male parent SH11 were grown in a plot consisting of 13 10-m long rows at the same density as in the previous experiment, with a 2:1 female and male ratio. Each ZS09 plant was sprayed with 10 ml of 0.10 μg/ml MES solution at the bolting stage, which was repeated 15 days later, and fertilised by honeybees and/or the wind. Seeds from the treated female plants were harvested at maturity.
PCR genotyping of hybrids. The hybridity of ZS09 × SH11 hybrid seeds obtained from the above described isolated seed production trial was tested using the SSR technique with 200 F 1 seedlings accord- Song et al. (2011) . The hybridity of the hybrid was calculated by the formula: hybridity% = (sum of individuals with typical hybrid SSR pattern/total sum of samples) × 100. Statistics. To compare male sterility-inducing ability among different accessions, analysis of variance for the observed traits was performed using the split plot factorial design model with Design of Experiment, Processing of Data, Simulation Analysis DPS software (Tang & Feng 1997) . Comparisons of the observed traits between the MES-treatment and the control were conducted using one-way ANOVA program of the SPSS 11.0 software (SPSS Inc., 2001).
RESULTS
Suitable MES concentration and its male sterilityinducing ability among different accessions. Two rapeseed accessions, Zhongshuang No.9 and Zhongshuang No.11, were used in a pilot experiment to determine the range of MES concentrations that induce male sterility. As a result, 0.05-0.10 µg/ml MES solution was a suitable concentration range that induced 99%-100% complete male sterility (Figure 1 ) in the two rapeseed accessions. Male sterility was maintained nearly to the end of the flowering period, without significant sideeffects on seed yield (the data are not shown).
Forty-nine different rapeseed accessions were used to investigate the male sterility-inducing ability of 0.10 µg/ml MES solution in 2009-2011. Significant differences between the 49 rapeseed accessions were observed for the tested traits (the data are not shown). The results indicated that except for accession 220, male sterility could be induced in the remaining 48 accessions (Table 1 ). The sterile period of seven of these 48 accessions lasted the entire flowering period, although a significant difference in flowering period was observed between the MES-treated and control plants (Table 1) . Among the four agronomic traits tested, only plant height and seed number per silique decreased significantly in the treated plants.
Siliques per plant and seed number per plant were not significantly affected (Table 1) . Spraying with 0.10 µg/ml MES solution once was inadequate to maintain male sterility for the different rapeseed accessions.
Isolated hybrid seed production trial. One pair of SSR primer, BRMS-042 (forward primer, GGATCAGTTATCTGCACCACAA, reverse primer, TCGGAATTGGATAAGAATTCAA), was screened out from 120 pairs of SSR primers which could amplify a polymorphic locus between the parent lines ZS09 and SH11. It amplified a 300bp band and a 200bp band in line SH11 and ZS09, respectively, and both bands in the ZS09 × SH11 hybrid. So this pair of primer was used to identify the hybridity of the hybrid seeds of ZS09 × SH11. The results of the hybrid production trial in 2012 showed that the average hybridity of seeds from the female line ZS09 treated twice with 10 ml of 0.10 µg/ml MES solution per plant and pollinated by a male parent SH11 was 95.5% according to the SSR analysis, which met the hybridity requirement in China (Ministry of Agriculture of P.R. China 2000).
On the basis of these results we concluded that twofold treatment with 1.0 µg MES solution per plant was sufficient to induce > 95% of male sterile plants and to produce hybrid seeds under the conditions investigated.
DISCUSSION
Establishing a highly effective low-pollution CHA approach is critical for using crop heterosis. Our group previously identified that two acetolactate synthase inhibitor herbicides, tribenuron-methyl and amidosulphuron, can induce complete male sterility in rapeseed when applied twice at a dosage (Yu et al. 2006 (Yu et al. , 2009 . In this investigation, we reported that MES, also an acetolactate synthase inhibitor herbicide, induced complete male sterility in 48 out of 49 rapeseed accessions when applied at a concentration < 1%. Such dosage is 100 times lower than the dosage that is required for herbicidal activity, without significant adverse effects on seed number per plant. However, only seven out of 48 accessions were male sterile for the entire flowering period with a one-time application of MES solution. Hence, twofold spraying of 10 ml of 0.10 µg/ml MES solution per plant (equivalent to 150 mg/ha) at the bolting stage and then after 15 days was required to maintain male sterility for the entire flowering period. As a result, seed purity reached 95.5% in the ZS09 × SH11 cross. Concerning the level of male sterility, time efficiency, dosage range, and yield parameters, the efficiency of MES as gametocide is comparable with two previously reported chemicals, tribenuron-methyl and amidosulphuron in rapeseed (Yu et al. 2006 (Yu et al. , 2009 . MES is very cheap and does not pose any environmental hazard or health risk (Kou et al. 2006; Wang et al. 2008) . Therefore, this study provides an alternative CHA for rapeseed hybrid breeding.
Moreover, the sulphonylurea herbicide MES proved to be an efficient CHA for B. napus at a concentration of approximately 1% of that needed for herbicidal activity.
